Surfactant solutions typically feature tunable nanoscale, internal structures. Although rarely utilized, they can be a powerful platform for probing thermal transport in nanoscale domains and across interfaces with nanometer-size radius. Here, we examine the structure and thermal transport in solution of AOT (Dioctyl sodium sulfosuccinate) in n-octane liquids using small-angle neutron scattering, thermal conductivity measurements, and molecular dynamics simulations. We report the first experimental observation of a minimum thermal conductivity occurring at the critical micelle concentration (CMC): the thermal conductivity of the surfactant solution decreases as AOT is added till the onset of micellization but increases as more AOT is added. The decrease of thermal conductivity with AOT loading in solutions in which AOT molecules are dispersed as monomers suggests that even the interfaces between individual oleophobic headgroup of AOT molecules and their surrounding non-polar octane molecules can hinder heat transfer. The increase of thermal conductivity with AOT loading after the onset of micellization indicates that the thermal transport in the core of AOT micelles and across the surfactant-oil interfaces, both of which span only a few nanometers, are efficient.
Nanoscale thermal transport, broadly defined as thermal transport in nanoscale domains and across nanoscale interfaces, plays a critical role in applications ranging from thermal management in microelectronics, cryopreservation, to thermal energy storage [1] [2] [3] [4] . Because of the difficulties in device fabrication and materials characterization, experimental investigation of the thermal transport in nanoscale domains and across interfaces (especially if the interface itself has a radius of a few nanometers) is typically challenging. While this issue is partially alleviated by the tremendous advance in nanofabrication and ingenious design of thermal characterization schemes [5] [6] [7] [8] [9] , there remains a great need to develop effective methods for probing nanoscale thermal transport.
Surfactants are amphiphilic molecules featuring a head group and a tail group with opposite affinity to polar and apolar solvents, respectively. When surfactants are introduced in solvents at sufficiently low concentration, they exist in the form of well-dispersed monomers. As the surfactant concentration in the solvent exceed a certain threshold (often termed the critical micelle concentration, or CMC) 10 , surfactant molecules self-assemble into supramolecular structures with various shapes and sizes. One of the simplest supramolecular structure is the spherical micelle. For surfactant molecules self-assembled in oil, their micelles are also widely termed reverse micelles. Except when the solution is prepared in very dry environment, the micelles are usually swollen due to the adsorption of a trace amount of water from air into the hydrophilic (oleophobic) core of the micelle. A key property of the micelle is that their dimension can be tuned easily from a few to tens of nanometers by varying the choice of surfactant, the loading of the surfactant, and the temperature, etc.
Surfactant solutions, and in particular those containing micelles, have found wide industrial and research applications. For example, they have been used as model systems for studying dynamics of water in confinement, as working fluids for enhanced oil recovery, and as a tool for nanoparticle synthesis.
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However, the application of surfactant solutions in thermal transport has received only limited attention 11 , e.g., our recent work showed that swollen micellar solution can be a very effective heat transfer fluids for boiling 12 .
Here we note that since the internal structure of surfactant solutions can be varied systematically from single monomers dispersed in a sea of solvents to self-assembled micelles with well-defined shape and nanoscale dimension, they can be used as a powerful platform for studying nanoscale thermal transport. In particular, it allows one to probe the thermal transport at the interface between a single head group of surfactant molecule and its surrounding fluid, within the nanoscale core of micelles, and at the interface between surfactant's head/tail groups and the solvent, which may have a radius of just a few nanometers. The possibility to explore nanoscale thermal transport by studying the thermal transport in surfactant solutions has been recognized recently 13, 14 . For example, using ultrafast transient absorption method, Schmidt et al. has shown that the transition of the meso-structure of surfactant molecules greatly alters interfacial thermal transport, i.e., the interfacial thermal conductance decreases as the surfactant concentration approaches the critical micelle concentration.
In the present work, we report a new study of nanoscale thermal transport using a surfactant solution as a platform. We investigate the evolution of the microstructure and the thermal conductivity of AOT/n-octane solutions as a function of the AOT loading. The thermal conductivity of the solutions with different AOT concentrations is measured using the 3 ω -wire method. The microstructure of the solution is determined using the small-angle neutron scattering (SANS) technique. A minimum thermal conductivity is observed at the CMC of the AOT/n-octane solution, which cannot be explained by the existing thermal conductivity theories for the mixtures, such as the effective medium theories. The thermal conductivity data are then interpreted with the help of molecular dynamics simulations to provide insight into thermal transport within nanoscale domains and at surfactant-oil interfaces with nanoscale radius. We note that the scheme used in the present study shares commonality with the ultrafast transient absorption method used by Schmidt et al. 13 . Both methods utilize thermal measurement of bulk materials exhibiting nanoscale structures. The 3 ω -wire method measures the thermal conductivity of the bulk fluid, and itself does not possess nanometer resolutions directly. So we used small-angle neutron scattering technique to determine the microstructure of the fluid, and used molecular dynamics simulation to explore thermal transport mechanisms across the micelles. Nevertheless, both our method and the ultrafast transient absorption method can provide insight into nanoscale thermal transport by interpreting bulk measurement data using models for thermal transport in heterogeneous materials. However, it might be difficult to apply the ultrafast transient absorption method to the surfactant solutions because there are no absorption "core' or nanoparticles in them.
Results
Structural characterization of surfactant solutions. AOT was dissolved into n-octane liquids to form surfactant solutions. The microstructure of the solution was characterized using the SANS technique. Prior works showed that SANS can be used as a non-invasive, nanoscale probe of the structural transitions in the surfactant solutions [15] [16] [17] [18] . Figure 1a shows the SANS data for the AOT/n-octane solutions, the scattering intensity I versus the scattering vector q = 4π sin(θ /2)/λ , where λ is the wavelength of the incident neutrons and θ is the scattering angle. The micelle size can be obtained by fitting these SANS data using the hard-sphere model in the IGOR PRO software under the protocol from NCNR NIST 16, [19] [20] [21] . Figure 1b shows that reverse AOT micelles start to form at the AOT concentration ~0.1%; that is, the CMC for the AOT/n-octane system is ~0.1%. The reverse micelles have a radius of about 1.47 nm, indicating that each micelle consists of about 20 AOT molecules. At lower concentrations, AOT molecules exist in the form of monomers in non-polar octane solvent, but some molecules will be adsorbed at the air/solution interface and onto the walls of the containing vessel. When the AOT concentration exceeds CMC, AOT molecules aggregate to form micelles (see Fig. 1C ). Thermal conductivity of surfactant solutions. The raw experimental data for AOT/octane solutions with different AOT loadings are shown in Fig. 2a . The thermal conductivity of the pure octane is experimentally found to be 0.14 W/mK at room temperature, which is in good agreement with literature data 22, 23 . Figure 2b shows the relative thermal conductivity in the AOT/octane solution as a function of the AOT loading. The relative thermal conductivity is defined as (k sol − k oct )/k oct , where k oct and k sol are the thermal conductivities of the neat n-octane and the AOT/octane solution fluids, respectively. Interestingly, a minimum thermal conductivity is seen around the critical micelle concentration (CMC) in the prepared AOT/octane solutions. The minimum thermal conductivity is also observed in other AOT solutions, such as AOT/poly-alpha-olefin solutions.
Discussion
The non-monotonic dependence of the thermal conductivity of surfactant solutions on the AOT loading is not expected, at least from the perspective of classical effective medium theories such as the Maxwell-Garnett model 24 . Those theories have been developed for composites made of fillers dispersed in base materials, and they have been proven effective in numerous applications. They predict that, depending on the thermal conductivity, size, and shape of the filler as well as on the interfacial thermal conductance between the filler and the base material, as more fillers are introduced into a base material, the thermal conductivity of the composite either continuously increases or continuously decreases. However, we note that the application of the classical effective medium theories for surfactant solutions over the broad range of surfactant loading explored here is problematic for two reasons. First, the fillers (surfactant in this case) go through a structural transition as their loading is increased (from dispersed surfactant monomers to self-assembled micelles), which is not easily accounted for in the effective medium theories. Second, it is difficult to assign a value for the thermal conductivity of the fillers: although the thermal conductivity of AOT in solid form is well-known, the thermal conductivity of AOT monomers dispersed in oil is not well-defined and that for the AOT micelles is not known a priori.
While we cannot use the classical effective medium theories to straightforwardly interpret the thermal conductivity data in Fig. 2 , these data can provide valuable insight into the nanoscale thermal transport in liquid state. For AOT loading below the CMC, AOT molecules are dispersed in the octane fluids as monomers. Since prior experimental studies indicated that the thermal transport in a single AOT molecule is highly efficient 25 , the decrease of the thermal conductivity of the AOT solution as AOT loading increases suggests that the thermal transport between each AOT molecule and its surrounding octane fluid is not as effective as that between octane molecules, or equivalently, there exists a larger resistance for thermal transport between single AOT molecules and their surrounding octane molecules than that between octane molecules. While the mechanisms for the inefficient thermal transport between single AOT molecules and their surrounding octane molecules are not fully clear at present, such an effect is likely related to the non-ideal packing of octane molecules near the hydrophilic (i.e., oleophobic) headgroup of the AOT molecules (see Fig. 3 ). It is known that, near a hydrophobic group, the packing of water is less ideal than in the bulk due to the difficulty for water molecules to form hydrogen bonds in these conditions 26, 27 . Along the same line, near the hydrophilic headgroup of an AOT molecule, the interactions between apolar octane molecules are not as strong as that of the intramolecular interactions between different sites on the head group and the intermolecular interactions between the Na + counter-ion and the AOT's headgroup. Therefore, the packing of octane molecules near an AOT's headgroup will be less effective than in the bulk octane liquids, and this may lead to relatively ineffective thermal transport in the interfacial region near the AOT's headgroup. As more AOT molecules are introduced into the octane liquids (but the CMC is not yet reached), the AOT headgroup-octane interfacial region expands and thus the thermal conductivity of the AOT solution decreases. In the above discussion, the contribution of the efficient thermal transport within each AOT molecule to the thermal transport is not taken into account, but the fact that the thermal conductivity of the AOT solution decreases as more AOT molecules are added suggests that the efficient intramolecular thermal transport in AOT plays a minor role in the overall thermal transport in the AOT solution. We hope that the new result shown here will prompt new, more thorough theoretical and experimental investigations that take into account both the intermolecular thermal transport (between AOT molecules and the interfacial octane; between the interfacial octane and the bulk octane) and the intramolecular thermal transport in AOT molecules and in octane molecules.
Once the AOT loading reaches CMC, AOT molecules self-assemble to form micelles with a radius of ~1.5 nm (see Fig. 1b ). Above CMC, as more AOT molecules are introduced into the solution, the thermal conductivity of the AOT solution increases. Because micelles have well-defined geometry and are uniformly dispersed in octane liquids, the classical effective medium theory can be used to qualitatively understand the thermal transport in the micellar solution. Since the thermal conductivity of the micellar solution increases with AOT loading, using the Maxwell-Garnett model 24 , we postulate that the thermal transport within the AOT micelle is more efficient than that in bulk octane liquids and the thermal transport across the micelle-octane interfaces is efficient in general. To assess these postulations, we performed molecular dynamics (MD) simulations to study the thermal transport in AOT-octane solutions.
We begin by simulating the self-assembly of 17 AOT molecules in bulk octane liquids (see Methods). Since the AOT solution in our experiments was not prepared in a strictly dry environment, we expect some water molecules to be adsorbed in the spherical core of the micelle 28 . Therefore, 36 water molecules, corresponding to a low water-surfactant ratio of ~2:1, are also included in the system. Figure 4a shows a snapshot of the AOT micelle after a 30 ns of simulation. As expected, the hydrophilic sulfonate headgroups of the AOT molecules curl up to form a rather spherical core, their alkane chain face outwards and are in intimate contact with octane molecules. The hydrophilic core of the micelle is swollen by water molecules, which form hydrogen bonds with AOT's sulfonate headgroups. The water molecules span a diameter of ~2 nm, while the head and tail groups can reach ~1 and ~1.5 nm from the The radial density profile of the water molecules, the hydrophilic head and the hydrophobic tail of the AOT molecules. The center-of-mass of the micelle is taken as the origin. (c) The evolution of the eccentricity of the micelle during the last 20 ns of the simulation. The eccentricity e is defined as e = 1 − I min /I avg , where I min and I avg are the minimal and average moment of inertia of the micelle, respectively 49 . e = 0 corresponds to a perfect sphere.
center-of-mass of the micelle, respectively (see Fig. 4b ). Therefore, the size of the micelle is similar to that in our experiments. The micelle remains nearly spherical once formed (see Fig. 4c ). The fact that the micelle remains in a well-defined shape for tens of nanoseconds suggests that the self-assembly of AOT micelle is reproduced effectively by our MD simulations. We next study the thermal transport through micelles using non-equilibrium MD simulations. A single pre-equilibrated micelle obtained above is placed inside an octane liquid bath as shown in Fig. 5a . The system is relaxed next for 500 ps in the NVT ensemble and then for another 500 ps in the NVE ensemble. After that heat is injected (removed) from the heat source (sink) at position far away from the micelle to generate a heat flux through the micellar solution (see Fig. 5a ) and the system is evolved in the NVE ensemble. Figure 5b shows the temperature profiles of the AOT micelle and the octane liquids in the system after a steady state was reached. We observe that the temperature gradient within the micelle is much smaller compared to that in octane liquids, indicating that the thermal transport is more effective in the micelle than in octane liquids. Furthermore, the temperature profiles in Fig. 5b indicate that heat enters (leaves) the micelle from its left (right) side. This is consistent with the idea that is illustrated in Fig. 3b, i. e., the micelle serves as an efficient thermal transport pathway in the micellar solution. The effective thermal transport within the AOT micelle and across the micelle-octane interface is not very surprising. First, because of the strong interaction between AOT molecule's sulfonate heads and the water molecules via hydrogen bonding and the ionic bonding between AOT's head groups [29] [30] [31] , one could expect the thermal transport within the micelle to be very efficient. Second, prior studies of planar interfaces between hexane oil and the tail group of surfactant molecules have indicated that the thermal transport through such interfaces is extremely effective with an interfacial thermal conductance of ~400 MW/m 2 K 32 , hence one could expect the thermal transport across interfaces with similar chemical composition to be similarly efficient. However, both of these expectations are not without caveats: they are based on insights for thermal transport in bulk-like materials and across planar interfaces, while the thermal transport involving micelles occurs in molecularly-confined fluids and across interfaces with extremely large curvature. The present simulation, on the other hand, provides clear evidence that these expectations are qualitatively true.
Using the temperature profiles shown in Fig. 5b , we can also approximately calculate the effective thermal conductivity of micellar solutions. In our MD simulations, the cross-section of the simulation box is L y × L z = 4.8 nm × 4.8 nm. Therefore, we take the octane liquids and the AOT micelle within a cubic box (see Fig. 5b ) that has a side width of L x = 4.8 nm and encloses the micelle at its center to be a "virtual micellar solution". Such a "virtual micellar solution", with the micelle positioned at its center, can thus be considered as a representative portion of a bulk micellar solution. The thermal conductivity of the virtual micellar solution inside the cubic box is then computed using k s = q′ /(L y L z Δ T s ), where q′ and Δ T s are the heat flux and temperature drop across the cubic box, respectively. With the data shown in Fig. 5b and the above protocol, the surfactant loading and the average thermal conductivity inside the cubic box shown in Fig. 5 , are found to be 16.1%wt and 0.119 W/mK, respectively. Since the thermal conductivity of the octane fluids modeled using the force fields adopted in our simulation is 0.111 W/m•K (see Method), we estimate that the effective thermal conductivity of the micellar solution at a 16.1%wt AOT loading is enhanced by 6.3% compared to that of bulk octane liquids. Using the experimental data shown in Fig. 2 , we obtain, through linear interpolation, that the enhancement of thermal conductivity by adding AOT to octane fluids is 2.0% at an AOT loading of 16.1%wt (linear interpolation is justified as the experimental thermal conductivity varies linearly with the AOT loading for loading from 8% to 24% (see Fig. 2) ). Clearly, the enhancement of thermal conductivity predicted by the MD simulation is stronger than that inferred from our experimental measurements. The overestimation is likely due, in part, to the fact that the force fields used for water overestimates its thermal conductivity by about 30% 33 . We note that it is desirable that MD simulations are performed at various AOT loadings so that effects of AOT loading on the thermal transport in surfactant solutions are understood more thoroughly. Such simulations, however, are very demanding for two reasons. First, for simulation with low AOT loadings, the simulation box will need to be large and hence the computational cost is high. For simulation with higher AOT loadings (≥ 25%), the experimental thermal conductivity data clearly deviates from the extrapolation from that measured at lower AOT loadings (see Fig. 2 ). A likely reason is that the surfactant solutions at such high AOT loading feature internal structure more complicated than spherical micelles. Reproducing such internal structure requires MD simulations to be performed for much longer than that is necessary for spherical micelles (tens of nanoseconds). Given these practical difficulties, we reserve these studies for future investigations.
The observed thermal conductivity minimum at CMC in surfactant solutions not only provides a way to gain insight into nanoscale thermal transport through measurement of bulk properties, but also it can be used to determine the fundamental parameter CMC practically. As shown in Fig. 6 , the dependence of many physicochemical properties of surfactant solutions on the surfactant concentration shows notable change near the CMC [34] [35] [36] [37] [38] [39] [40] . Therefore, by measuring the slope of the property-surfactant concentration curve, the CMC can be determined when a sudden change of slope is identified. In practice, such a method has some limitations if physical properties such as surface tension are used because the slope change is often continuous and it is not always easy to clearly identify a unique point of CMC. In comparison, the minimal thermal conductivity can be determined more readily and thus its measurement can be used to determine the CMC easily. This fact, together with the simplicity and rapidity of measuring the thermal conductivity of liquids, makes determining CMC via thermal conductivity measurement a useful alternative to the available methods.
Conclusion
In this proof-of-concept study, we show that surfactant solutions can be a viable platform for probing nanoscale thermal transport. By systematically varying the loading of AOT surfactant in n-octane liquids, we found that the thermal conductivity of the solution shows a minimum at AOT loading corresponding to the CMC, at which surfactant molecules transition from dispersed monomers to self-assembled micelles inside the solution. The decrease of thermal conductivity with AOT loading in solutions below the CMC suggests that the thermal transport between individual oleophobic headgroup of AOT molecules and their surrounding non-polar octane molecules is not as effective as that in bulk octane liquids. The increase of thermal conductivity with AOT loading beyond the CMC indicates that the thermal transport within micelles with nanometer dimension and across the micelle-oil interfaces with extremely large curvature are both efficient, which is also confirmed in our MD simulations. Given that the nanoscale structure of surfactant solutions can be controlled by tuning many factors (e.g., the type of surfactants, temperature, etc.) and the thermal conductivity of bulk solutions is easily measured, surfactant solutions can be a powerful platform for probing nanoscale thermal transport that commonly requires advanced fabrication and characterization facilities. Finally, the fact that the minimal thermal conductivity of a surfactant solution occurs at the CMC suggests a new method for determining the CMC through thermal conductivity measurements.
Methods
Materials and sample preparation. Dioctyl sodium sulfosuccinate (98%) (AOT), n-octane (> 99%), and deuterated n-octane (98 atom % D) were all purchased from Sigma-Aldrich. The desired amount of n-octane was placed in a glass tube, and then AOT was added to the glass tube. When the AOT loading exceeded the CMC, AOT/n-octane micelles were spontaneously formed by self-assembly of AOT molecules in the n-octane. SANS measurement. SANS measurements were carried out for the determination of the micelle size in the microemulsion. In this SANS experiment, samples were prepared using deuterated n-octane to achieve the needed contrast between the micelles and the solvent. SANS measurements are conducted on the NG-3 (30 m) beamline at the NIST Center for Neutron Research (NCNR) in Gaithersburg, MD. Samples were loaded into 2-mm quartz cells. The scattering intensity I was recorded as a function of the scattering vector q = 4π sin(θ /2)/λ , where λ is the wavelength of the incident neutrons and θ is the scattering angle. The approximation q = 2π θ /λ is used for SANS (due to the small angle θ ). The error in droplet size is about 10%. The SANS data were processed using the IGOR software under the protocol from NCNR NIST.
Thermal conductivity measurement. The 3ω -wire method was used to measure the thermal conductivity of liquids 41, 42 . The 3ω -wire method is actually a combination of the 3ω -wire and the hot-wire methods. Similar to the hot-wire method, a metal wire suspended in a liquid acts both as a heater and a thermometer. However, the 3ω -wire method determines the fluid conductivity by detecting the dependence of temperature oscillation on frequency, instead of time. In the measurement, a sinusoidal current at frequency ω is passed through the metal wire and then a heat wave at frequency 2ω is generated in the liquid. The 2ω temperature rise of the wire can be deduced by the voltage component at frequency 3ω . The thermal conductivity of the liquid, k, is determined by the slope of the 2ω temperature rise of the metal wire 41, 42 :
where p is the applied electric power, ω is the frequency of the applied electric current, l is the length of the metal wire, and T 2ω is the amplitude of temperature oscillation at frequency 2ω in the metal wire. The temperature oscillation T 2ω is given by where V 1 ω is the amplitude of the voltage applied by the electrical power source across the heater, V 3 ω is the 3ω -voltage-component across the heater, and C rt is the temperature coefficient of resistance of the heater. Calibration experiments of this thermal conductivity measurement method were performed in hydrocarbon (oil), fluorocarbon, and water at atmospheric pressure. It is possible that the movement of charged particles or functional groups under an electric field would affect the measurement of the fluid thermal conductivity. However, we directly measured the electric current-voltage curves in pure oil, the AOT/oil solution, and air, and results indicate that the AOT/oil solution is as electrically insulating as the pure oil, and the AOT monomers and micelles are electrically neutral in the oil solution.
MD simulations.
To build an AOT micelle in n-octane liquids, 17 AOT molecules and 36 water molecules are packed into a spherical space of 4 nm in diameter using Packmol 43 . The resulting structure is next immersed in a box of n-octane measuring 5.1 × 5.1 × 5.1 nm 3 . The system is simulated using the LAMMPS code 44 for 30 ns in the NVT ensemble (T = 300 K). The force fields for AOT are taken from those developed in Refs. [45] [46] [47] . The octane molecules are modeled using the force fields in Ref. 48 and the water molecules are modeled using the SPC/E model. The equilibrated AOT micelle and its surrounding octane molecules are then placed inside a simulation box with a cross-section size of 4.8 nm × 4.8 nm in the yz-plane. The length of the simulation box is 10.76 nm in the x-direction and the center of the AOT micelle is located approximately at x = 5.29 nm. The system is next equilibrated in the NVT ensemble for 500 ps, and then in NVE ensemble for another 500 ps. To drive thermal transport through the system, two graphene layers positioned at x = 0.34 and 10.42 nm are used as heat source and sink, respectively. Since the system is periodic in all three directions, a third graphene layer is frozen at x = 0 to prevent thermal short circuiting. The MD system is evolved in the NVE ensemble for 7.5 ns, during which heat is added to (removed from) the carbon atoms in the heat source (sink) by velocity rescaling. The temperature profiles of AOT and octane fluids computed in the last 5 ns are shown in Fig. 5b .
